Melanoma-associated retinopathy (MAR) is characterized by night blindness, photopsias, and a selective reduction of the electroretinogram b-wave. In certain cases, the serum contains autoantibodies that react with ON bipolar cells, but the target of these autoantibodies has not been identified. Here we show that the primary target of autoantibodies produced in MAR patients with reduced b-wave is the TRPM1 cation channel, the newly identified transduction channel in ON bipolar cells. Sera from two well characterized MAR patients, but not from a control subject, stained human embryonic kidney cells transfected with the TRPM1 gene, and Western blots probed with these MAR sera showed the expected band size (ϳ180 kDa). Staining of mouse and primate retina with MAR sera revealed immunoreactivity in all types of ON bipolar cells. Similar to staining for TRPM1, staining with the MAR sera was strong in dendritic tips and somas and was weak or absent in axon terminals. This staining colocalized with GFP in Grm6-GFP transgenic mice, where GFP is expressed in all and only ON bipolar cells, and also colocalized with G␣ o , a marker for all types of ON bipolar cells. The staining in ON bipolar cells was confirmed to be specific to TRPM1 because MAR serum did not stain these cells in a Trpm1 Ϫ/Ϫ mouse. Evidence suggests that the recognized epitope is likely intracellular, and the sera can be internalized by retinal cells. We conclude that the vision of at least some patients with MAR is compromised due to autoantibody-mediated inactivation of the TRPM1 channel.
Introduction
Melanoma-associated retinopathy (MAR) is an infrequently encountered condition seen in some cutaneous melanoma patients, who experience a rapid onset of night blindness and other visual abnormalities (Berson and Lessell, 1988; Alexander et al., 1992; Milam et al., 1993; Keltner et al., 2001; Heckenlively and Ferreyra, 2008) . The dark-adapted electroretinogram (ERG) of these patients typically has a normal a-wave but a greatly reduced b-wave, consistent with a defect in neurotransmission from photoreceptors to ON bipolar cells, which generate the b-wave component. The symptoms of night blindness and the selective ERG b-wave reduction resemble the complete form of congenital stationary night blindness (cCSNB), which is caused by mutations in genes that mediate the transduction cascade in ON bipolar cells [for review, see McCall and Gregg (2008) and Morgans et al. (2010) ].
Based on the observation that the serum of MAR patients reacts with rod bipolar cells (Milam et al., 1993) , it was originally proposed that MAR results from autoantibodies that circulate in the patient's serum. In support of this proposal, injection of purified IgG from MAR patients into monkey eyes reduces the amplitude of the ERG b-wave (Lei et al., 2000) , and suppression of the immune response may induce partial visual recovery (Keltner et al., 2001) . Efforts to identify the antigens that are targeted by the autoantibodies have revealed a number of photoreceptor proteins, but none specific to ON bipolar cells (Potter et al., 2002; Hartmann et al., 2005; Lu et al., 2009) .
TRPM1 (also known as melastatin 1, or MLSN1) was recently identified as the cation channel that mediates the light response in ON bipolar cells (Morgans et al., 2009; Shen et al., 2009; Koike et al., 2010) . Mutations in TRPM1 have been linked to human cCSNB (Audo et al., 2009; Li et al., 2009; van Genderen et al., 2009) . Moreover, Trpm1 knock-out mice display ERG b-wave reductions, as does the Appaloosa horse model of cCSNB, in which the night blindness and coat-spotting traits have been linked to the TRPM1 locus (Bellone et al., 2008 (Bellone et al., , 2010 . These observations, the expression of TRPM1 in melanocytes, and its downregulation in melanoma cells (Duncan et al., 2001; Hammock et al., 2006) suggest that MAR may involve the generation of TRPM1 antibodies. In the present report, we present evidence in support of this hypothesis.
Materials and Methods
Antibodies, sera, and plasmids. Sera were obtained following informed consent from three well characterized male MAR patients (MAR1-3), and one visually normal male subject. MAR1 is the patient described by Alexander et al. (1992) and is also Patient 2 of Milam et al. (1993) ; MAR2 is Patient 2 of Alexander et al. (2002 Alexander et al. ( , 2004 ; and MAR 3 is Patient 1 of Alexander et al. (2002 Alexander et al. ( , 2004 .
The primary antibodies used included the following: anti-TRPM1 raised against the C terminus of human TRPM1 (Sigma; catalog no. HPA014785), mouse anti-G␣ o (Millipore; catalog no. MAB3073), anti c-myc (9E10) (Developmental Studies Hybridoma Bank), and anti-GABA A raised against the ␤2/3 subunit of the GABA A receptor (Millipore Bioscience Research Reagents Int.; clone BD17). The plasmid encoding human TRPM1 fused to myc tag was a gift from Dr. Denise Montell (Johns Hopkins School of Medicine, Baltimore, MD) and plasmid encoding neuropilin1 fused to a myc tag was a gift from Dr. Jonathan Raper (University of Pennsylvania, Philadelphia, PA).
Sample preparation and immunocytochemistry. Fixed or frozen monkey retinas (Macaca fascicularis) (from males and females) were obtained from Covance Research Products following unrelated experiments. Male and female mouse tissue was from the wild-type C57BL/6 strain, transgenic Grm6-GFP mice (Dhingra et al., 2008) , or Trpm1 knock-out mice (as described by Shen et al., 2009 ) (two males and one female). Retinas were fixed in 4% paraformaldehyde in phosphate buffer for 10, 30, or 60 min. Radially cut cryosections or fixed HEK cells were immunostained as described previously (Dhingra et al., 2008) . MAR sera were diluted 1:100 to 1:300 in blocking buffer. To determine whether the recognized TRPM1 epitope is intracellular or extracellular, freshly fixed retina was embedded in 4% agarose and sectioned with a Vibratome at 200 m thickness; sections were incubated in MAR sera or primary antibody for 10 d.
For internalization tests, live retinal slices were incubated in different sera diluted in oxygenated Ames medium for variable durations. Slices were then rinsed, fixed, and incubated in a secondary antibody. In one experiment, a mouse eye was injected intravitreally with 1.5 l of MAR2 mixed with fluorescein-conjugated peanut agglutinin (1.5 g), which marked the injection site. The retina was fixed and viewed 24 h later. For HEK cells, transfection was performed using Lipofectamine reagent (Invitrogen). Sections were photographed with an Olympus FV-1000 confocal microscope. Description of immunostaining results is based on at least three independent staining experiments. Cell count on double labeled slices was performed manually on z-stacks using Fluoview.
Western blottings. Protein from frozen retina or HEK cells was prepared as described previously (Dhingra et al., 2008) . After electrophoresis and protein transfer, the membranes were incubated in MAR serum (diluted 1:2000) or anti-TRPM1 antibody (diluted 1:7500) overnight at 4°C followed by secondary antibody for 3 h at room temperature.
Results

Certain MAR sera label retinal rod and ON cone bipolar cells
We tested sera obtained from three well characterized MAR patients who had a normal ERG a-wave but reduced b-wave. To identify the immunoreactive retinal cells, sera were first applied to monkey retinas. Both MAR1 and MAR2 sera, but not MAR3 serum, yielded distinct staining of bipolar cell somas and dendrites (Fig. 1A) . Applying control serum gave no staining ( Fig. 1 B) . To determine whether only rod bipolar cells or all ON bipolar cells were stained, we costained for the G-protein subunit G␣ o [a marker for ON bipolar cells (Vardi, 1998; Dhingra et al., 2002) ] and found that practically all cell bodies labeled by G␣ o were also stained for MAR2 serum (149/151; two experiments) ( Fig. 1C-E ). Eight cells that stained for MAR2 were unlabeled for G␣ o , likely because somatic staining for G␣ o is often weak (Vardi, 1998) . Thus, both rod bipolar and ON cone bipolar cells are targeted by MAR2. Although bipolar cell staining was robust, the relative intensity of the stain varied; e.g., the staining of bipolar dendrites in the mouse appeared more intense with MAR1 serum than with MAR2, while MAR2 gave stronger staining in monkey. The intensity of additional stained structures that do not belong to bipolar cells also varied; e.g., in mouse, MAR1, but not MAR2, showed some staining in ganglion cells and axon fibers, and in monkey (but not in mouse), MAR2 stained cone outer segments and both sera stained cone terminals.
A similar pattern of bipolar cell staining was also obtained in baboon and rat. The autoantibodies in MAR1 serum are of the IgG type, because purified IgG gave similar labeling (not shown). To confirm purity of the fraction, we applied anti-IgM secondary antibodies, and this did not reveal any staining.
Autoantibodies in MAR1 and MAR2 sera target TRPM1
To determine whether MAR sera recognize TRPM1, we transfected HEK cells with human TRPM1 fused to myc. Immunostaining these cells with the sera showed that both MAR1 and MAR2 sera stained the TRPM1 transfected cells and, as with anti-TRPM1, the staining was not restricted to the membrane, but was present also in the cytosol (Fig. 2 A, B) . We verified that each stained cell expressed TRPM1 by costaining for myc: colocalization was ϳ100% (Fig. 2C,D) . MAR sera did not stain untransfected HEK cells, nor did the control serum stain TRPM1-transfected cells (Fig. 2 E, F ) . To ensure that the MAR sera did not recognize the myc tag, we transfected HEK cells with an unrelated protein (neuropilin1) fused to myc; the anti-myc antibody stained transfected cells, but the MAR sera did not (Fig. 2G,H ) . Next we tested whether MAR sera recognize TRPM1 by Western blotting. Applying the MAR sera to TRPM1-transfected HEK cell protein gave a band at the predicted size (180 kDa) of TRPM1 (Xu et al., 2001; Koike et al., 2010) , and this was lacking from untransfected HEK cells (Fig. 2 I, middle and left lanes, arrow) . The control serum did not show this band in TRPM1-transfected HEK cells (Fig. 2 I, right lane) . When mouse and monkey retinas were probed with the MAR sera, several bands appeared, but none was at 180 kDa. We confirmed that the mobility of TRPM1 in monkey retina is 180 kDa by probing the Western blots of transfected HEK cells and monkey retina with anti-TRPM1 (Fig. 2 J) . We conclude that the MAR sera do not easily recognize the denatured endogenous TRPM1.
The experiments presented so far establish that the sera of MAR1 and MAR2 recognize TRPM1, but do not prove that the staining of bipolar cells by the MAR serum represents recognition of TRPM1. Theoretically, the TRPM1 in these cells may go unrecognized, and the observed staining in bipolar cells may be due to an additional autoantibody in the serum. We addressed this issue in the mouse. First, we verified that MAR sera but not a control serum stain bipolar cells (data not shown). Then we identified the type of bipolar cells by applying the MAR sera to retinal sections obtained from Grm6-GFP transgenic mice, which express GFP in all and only ON bipolar cells (Fig. 3A-C) . We noted almost complete overlap of MAR sera and GFP staining (184 cells out of 195 GFP-positive cells showed MAR1 staining and 7 cells stained only for MAR1, three experiments; 52 out of 65 GFP-positive cells stained for MAR2, 1 cell stained only for MAR2, two experiments). Similar results were obtained by double staining for G␣ o (data not shown). This indicates that MAR staining in the inner nuclear layer is mostly restricted to ON bipolar cells.
Next, we applied the MAR sera to retinal sections obtained from Trpm1 Ϫ/Ϫ mice (three different animals). In the Trpm1 Ϫ/Ϫ retina, neither MAR1 nor MAR2 serum stained ON bipolar cells (Fig. 3D-I ). This suggests that, in bipolar cells, only TRPM1 is recognized.
The TRPM1 epitopes for the autoantibodies are likely to be in the intracellular domain
To determine whether the antibody recognizes an intracellular or extracellular domain, we incubated TRPM1-transfected HEK cells in the MAR sera with or without Triton X-100. In the absence of Triton X-100, only a weak background staining was seen (Fig.   4A,B) . This lack of staining may indicate that the TRPM1 epitope is intracellular, but it may also indicate a failure of the expressed TRPM1 to integrate into the transfected HEK cell surface. We have thus examined this question in retina, where TRPM1 must be localized to the cell surface to mediate the light response. Staining for MAR1 in the presence of Triton X-100 was strong in both somas and fine dendrites; however, the antibody penetrated only down to a depth of ϳ9 m. Omitting Triton X-100 retained somatic staining down to a depth of 5-6 m (because these were cut open by sectioning), but it totally abolished dendritic staining (Fig. 4C,D) . Staining for MAR2 in the absence of Triton X-100 gave high background, but no specific staining. In contrast, staining for GABA A receptor [raised against an extracellular epitope (Vardi and Sterling, 1994) ] remains strong in dendritic tips of cone bipolar cells (and in the inner plexiform layer) even in the absence of Triton X-100 (Fig. 4 E, F ) . These experiments indicate that MAR antibodies recognize intracellular epitopes on the TRPM1 channel, but do not exclude the possibility that a small fraction of the antibody clones are against extracellular epitopes, which are too few to give above-background staining.
We have further tested whether the antibodies can be internalized into retinal cells. Incubation of live retinal slices in MAR2 revealed that many horizontal and amacrine cells internalized the antibodies within 1 h, while photoreceptors and bipolar cells required a longer period (Fig. 4G-I ) . The obtained staining is not due to stickiness of the secondary antibody because incubation in normal horse or goat sera or just in Ames medium followed by anti-human secondary did not result in any staining. However, these sera, as well as normal human serum, were also internalized, as revealed by using the appropriate secondary antibodies. Injecting MAR2 intravitreally and observing the retina 24 h later also showed internalization, albeit in a smaller fraction of cells.
Discussion
It has been known for ϳ20 years that some patients with MAR develop autoantibodies against proteins specific to retinal rod bipolar cells (Milam et al., 1993; Weinstein et al., 1994; Kellner et al., 1995; Adamus, 2009; Lu et al., 2009 ). Efforts to identify the antigen in bipolar cells have, until now, been unsuccessful. Here we show that certain MAR sera target TRPM1, the nonselective cation channel that is required for light responses in all types of ON bipolar cell (Morgans et al., 2009; Koike et al., 2010 ). This conclusion is supported by immunostaining of TRPM1-transfected HEK cells with MAR sera, immunostaining of all types of ON bipolar cells in monkey and wild-type mouse retina, and absence of this immunostaining in Trpm1 Ϫ/Ϫ retina.
Different subtypes of MAR disease
The MAR condition was originally diagnosed based on the visual experience of night blindness, photopsias, and a selective reduction of the ERG b-wave. However, clinical diagnosis does not always include ERG recordings, and consequently, certain diagnosed cases may not be restricted to a bipolar cell dysfunction. Indeed several studies identified photoreceptor proteins as the MAR serum targets (Potter et al., 2002; Hartmann et al., 2005; Lu et al., 2009 Lu et al. (2009) for MAR patients] . If bipolar cell proteins are the primary targets, ERG recordings are expected to show a "negative" configuration with selective b-wave reductions but near-normal a-waves (Alexander et al., 1992; Keltner et al., 2001; Alexander et al., 2002) . The situation is likely to be more complex, as Potter et al. (2002) reported a case of MAR in which ERG was negative but the patient's serum contained antibodies against transducin and did not label bipolar cells. In the future, it will be important to discriminate MAR subtypes by their autoantibodies rather than by ERG and vision tests alone. Because TRPM1 is the only bipolar cell protein implicated in MAR so far, we suggest referring to cases where bipolar cells are targeted as MAR TRPM1 . The value of discriminating MAR subtypes by targeted antigens will further increase when it becomes possible to specifically eliminate disease-causing autoantibodies from patients' blood. 
Possible causes of retinopathy in MAR TRPM1
It is most likely that circulating antibodies bind the TRPM1 channel on the ON bipolar cells and either directly block the channel or indirectly interfere with the cells' signal transduction, thereby leading to a loss of night vision and a reduced ERG b-wave. Most cases of MAR report an onset of night blindness (nyctalopia); this is probably because night vision is mediated by the rod bipolar cells, which comprise the majority of ON bipolar cells. In addition to nyctalopia, MAR patients exhibit some impairment of daylight vision (Keltner and Thirkill, 1998; Keltner et al., 2001; Alexander et al., 2002 Alexander et al., , 2004 Heckenlively and Ferreyra, 2008) , reflecting dysfunction in the ON class of cone bipolar cells, which also use TRPM1 (Morgans et al., 2009) . Any relative preservation of conemediated vision in MAR patients would be achieved via unaffected OFF bipolar cells. Mechanistically, the MAR antibodies could interfere with the signaling by binding either extracellular or intracellular epitopes on the TRPM1 channel. Our experiments suggest that the TRPM1 epitope recognized by MAR sera is intracellular, in which case, autoantibodies would have to be internalized before they can impact ON bipolar cell function. Internalization of several antibodies including normal IgGs has been shown previously (Adamus et al., 1997 (Adamus et al., , 1998 Shiraga and Adamus, 2002) as well as in our study.
Possible causes of MAR-related autoimmunity
In many cases of MAR, the autoantibodies target photoreceptor proteins (Bazhin et al., 2007) . It has been found that healthy melanocytes transcribe many photoreceptor mRNAs, and when these cells become malignant, they start to express these proteins. Because the retina is immune-privileged, the body does not recognize these proteins as self and produces autoantibodies, possibly to fight the cancer cells. This explanation does not fit well with the MAR TRPM1 disease type because TRPM1 is expressed in normal melanocytes, and in fact is downregulated in melanoma (Duncan et al., 2001) . If, however, downregulation of TRPM1 is a bodily defense mechanism directed against metastatic melanocytes in aggressive melanoma, the generation of anti-TRPM1 antibodies can contribute to this defense. (A, B) or to Vibratome sections of mouse retina (C, D) either in the presence of the detergent Triton X-100 (left column) or in its absence (right column). In HEK cells, when Triton X-100 was omitted, only background staining was observed. In mouse retina, although somas of bipolar cells did stain when Triton X-100 was omitted (because the somas are large and most were cut open by the sectioning), dendrites or dendritic tips remained unstained even close to the section surface. Each pair (A-B, C-D) was imaged with same settings. E, F, Immunoreactivity to GABA A receptor using an antibody against an extracellular epitope is similar for sections treated with (left) or without (right) Triton X-100. Both images represent a collapse of 18 confocal planes (spanning 18 m) obtained under the same laser and gain settings and without contrast enhancement. G-I, Live retinal slices from a wild-type (G) or Grm6-GFP transgenic (H, I ) mouse after incubation in MAR2 for 3 h. Most amacrine and horizontal cells and some bipolar cells (arrows) and photoreceptors (arrowheads) internalized the serum. I, A merged region of H showing a stained ON bipolar cell (green).
